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We have performed a detailed study of Cu 2p core-level spectra in single layer La2−xSrxCuO4,
La doped Bi2Sr1.6La0.4CuO6+δ (Bi2201) and bilayer Bi2Sr2CaCu2O8+δ (Bi2212) high-temperature
superconductors by using hard x-ray photoemission (HX-PES). We identify the Cu2+ derived (i)
the Zhang-Rice singlet (ZRS) feature, (ii) the dn+1L (ligand screened) feature, (iii) the dn satellite
feature, as well as the hole-doping derived high binding energy feature in the main peak. In Bi-
based cuprates, intensities of the dn satellite features seem to be strongly enhanced compared to
La2−xSrxCuO4. From x-ray photon energy dependent measurements, it is shown that the increased
intensity in the satellite region is associated with Bi 4s core-level spectral intensity. The corrected
dn satellite intensity is independent of the doping content or number of Cu-O layers. Our results
suggest a correlation of the relative intensity of ZRS feature and hole-doping induced high binding
energy spectral changes in the main peak with superconductivity.
PACS numbers: 74.72.Dn, 74.72.Hs, 79.60.-i
I. INTRODUCTION
The electronic structure of the high-temperature (high-
Tc) superconductors continues to remain a challenging
topic in the physics of strongly correlated transition
metal oxides. Recent studies have elucidated important
features involving electron-phonon coupling and charge-
order [1], as well as two dimensionality of the magnetic
excitations in the high-Tc cuprates [2]. The Zhang-Rice
singlet (ZRS), is a basic starting point for understand-
ing the electronic structure of the cuprates. The ZRS
was originally postulated [3] for a doped hole distributed
over the oxygen sites in a CuO4 plaquette, which gets
bound to the Cu2+ (3d9) state and forms a singlet due
to Cu-O hybridization. It is the lowest energy electron re-
moval state. Since a photoemission process also removes
an electron (adds a hole), it was nicely shown that the
ZRS can be probed by valence band photoemission spec-
troscopy even for insulating copper oxides [4, 5]. Polar-
ization dependent [6] and spin-resolved [7] valence band
photoemission have established the ZRS feature as the
lowest energy state in insulating and superconducting
copper oxides. It was also predicted that Cu 2p core-
level photoemission spectra should exhibit a low binding
energy feature derived from the ZRS, even for the parent
insulating La2CuO4 [8]. While the theoretical prediction
was made very early, only recent studies with hard x-ray
photoemission spectroscopy (HX-PES) could identify the
ZRS feature in the Cu 2p core-level spectra of the parent
La2CuO4 [9].
HX-PES has developed significantly in the last few
years [10] mainly due to its ability to overcome the high-
surface sensitivity of conventional photoemission spec-
troscopy. HX-PES results in much higher kinetic en-
ergies of emitted electrons and hence longer mean free
paths ( typically 50 - 150 A˚ ), naturally leading to bulk-
sensitive measurements [11, 12, 13]. Its application to
strongly correlated systems has led to several significant
results, making it an fundamental technique to reveal the
true bulk electronic structure [9, 14, 15, 16, 17, 18, 19].
In the last few years, we have reported bulk sensitive
HX-PES with hν=5.95 keV of transition metal (TM) 2p
core-level for various TM compounds (pure and Cr doped
V2O3 [16, 17], hole-doped LaMnO3 (LSMO, LBMO)
[15, 18] and high-Tc cuprates [9, 17]). Unlike conven-
tional soft x-ray (SX) PES, TM 2p core-level HX-PES
spectra have shown additional well-screened satellites
with significantly large intensity in addition to 2p53dn
and 2p53dn+1L features, where L represents a ligand
hole. These satellites were located at an energy posi-
tion few eV lower in binding energy than the 2p3/2 and
2p1/2 main line, respectively.
In the case of pure and Cr doped V2O3, clear changes
in V 2p HX-PES were observed across the metal-insulator
(Mott-Hubbard) transition [16, 17]. The structure and
position of the main peak and the high and low bind-
ing energy satellite structures were explained well by the
cluster model including intra-atomic multiplet structure
and a metallic screening channel derived from coherent
states at the Fermi energy. The low binding energy satel-
lite structure was attributed to the screening from the
coherent state at the Fermi level. This has been indepen-
2dently confirmed by direct measurements of the valence
band coherent feature and core-level spectra of V2O3 [19].
A similar interpretation based on a Mott-Hubbard transi-
tion has been used to explain the Ru 3d core-level spectra
for a series of Ru oxides [20].
For hole-doped LaMnO3, a similar well-screened low
binding energy feature in Mn 2p spectra was observed
[15]. The feature showed a noticeable increase with
decreasing temperature on entering the ferromagnetic
metal phase, indicating that the origin of this feature
is strongly related to the ferromagnetic metal phase
[15, 18].
New features at low binding energy are also seen in
high-Tc cuprates [9]. But its spectral shape is quite dif-
ferent in electron-doped Nd1.85Ce0.15CuO4 (NCCO) and
hole-doped La1.85Sr0.15CuO4 (LSCO) systems. It was
clearly shown that LSCO and NCCO exhibit new bulk
character electronic states, which are strongly suppressed
in the surface.
A recent theoretical study [21] offers an alternative in-
terpretation for well-screened features in the Cu 2p, Mn
2p, and Ru 3d core-level spectra based on a non-local
screening scenario with doping, magnetic and orbital or-
dering for the cuprates, manganites and ruthenates, re-
spectively. We believe in so far as the additional screen-
ing channel is required to explain the low binding en-
ergy feature, our picture is not different from Ref. [21].
In particular, we believe the non-local screening channel
in the multi-site cluster model [21] would develop into
quasiparticle states at the Fermi level (EF ) as obtained
in dynamical mean-field theory calculations [20, 22]. In
the spirit of the non-local screening channel or screening
from quasiparticle states at EF , we have used a single-
site cluster model [9, 17], with the screening from the
states at EF but also including intra-site multiplets which
are necessary for the observed structure in the core-level
spectra.
In a previous study, we have presented results of Cu
2p HX-PES for Bi2Sr2CaCu2O8+δ (Bi2212) [17]. We
found that the spectral weight in the ”high” binding
energy satellite increases considerably in HX-PES com-
pared with SX-PES results. This enhancement of the
satellite intensity in Bi2212 is quite different as opposed
to the other TM compounds mentioned above. V2O3,
LSMO and NCCO have shown huge changes at the lower
binding energy to the main peak, but Bi2212 shows a
change in the higher binding energy satellite. This fact
would naively indicate an increase of 3d9 weight in the
bulk since the satellite is generally assigned to the 2p53d9
state. The fitted parameter values indicated that hy-
bridization strength was reduced in the bulk sensitive
HX-PES as against the surface sensitive SX-PES. As pre-
viously mentioned [17], a decrease of the hybridization
strength in the bulk is surprising. In general, the differ-
ent atomic environment and reduced co-ordination, often
conspire to reduce hybridizations and screenings at the
surface.
In order to shed new light on the above-mentioned
problem, we extend our previous work to study the Cu-
O layer-dependence, doping dependence and photon en-
ergy dependence by using HX-PES. We report the Cu 2p
core-level spectra in single layer La2−xSrxCuO4 (LSCO,
x = 0.0, 0.145 and 0.26) , La doped Bi2Sr1.6La0.4CuO6+δ
(Bi2201) and bilayer Bi2212. Our main purpose is to
resolve the puzzling observation of increase in the spec-
tral intensity of the 3d9 satellite in Bi2212 by compar-
ative measurements. From x-ray photon energy depen-
dent measurements, the results show that the increased
intensity in the satellite region is associated with Bi 4s
core-level spectral intensity, which is usually neglected in
SX-PES measurements. The corrected dn satellite inten-
sity is independent of the doping content or number of
Cu-O layers. The results suggest a correlation of the rel-
ative intensities of the ZRS feature and the hole-doping
induced high binding energy spectral changes in the main
peak with superconductivity.
The present paper is organized as follows. The experi-
mental details are briefly described in Sec. II. The results
and discussion on Cu-O layer dependence, doping depen-
dence, and photon energy dependence are given in Sec.
III. Conclusions are drawn in Sec. IV.
II. EXPERIMENT
HX-PES measurements were performed in a vacuum of
1 × 10−10 Torr at undulator beam line BL29XU, SPring-
8 [23] using a Scienta R4000-10KV electron analyzer.
The instrumentation details are described in Ref. [24, 25].
The energy width of incident x-ray was 70 meV, and
the total energy resolution, ∆E was set to ∼ 0.4 eV.
All spectra were corrected by subtracting a Shirley-type
background. Sample temperature was controlled to ±2K
during measurements. Single crystal Bi2212 and Bi2201
were peeled with a scotch tape and measured at 30 K.
The LSCO samples were measured for surfaces fractured
in-situ. The x = 0.0 composition was measured at room
temperature to avoid charging while the metallic compo-
sitions (x = 0.145 and 0.26) were measured at 30 K. A ref-
erence measurement on a metallic Bi-based non-cuprate
oxides Ba0.55K0.45BiO3 (BKBO) was measured at 30 K
for an in-situ fractured surface. The Fermi level of gold
was measured to calibrate the energy scale.
III. RESULTS AND DISCUSSION
A. HX-PES in Bi2201 and Bi2212
In Fig. 1(a) we present the Cu 2p core-level HX-
PES spectra of Bi2212 and Bi2201 with photon energy
hν = 5.95 keV. The spectrum of Bi2212 is consistent with
our previous report [17]. It consists of two prominent sets
of structures and the main peaks at ∼ 934 and 953 eV,
separated by approximately 19 eV, originating from the
spin-orbit splitting of the 2p core-level, 2p3/2 and 2p1/2.
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FIG. 1: (Color online) (a) Cu 2p core-level HX-PES spectra
of Bi2212, Bi2201 and Bi 4s HX-PES of BKBO (filled circles)
with a photon energy hν = 5.95 keV. The line is fit to the
Bi 4s HX-PES data as explained in the text. (b) Cu 2p core-
level HX-PES spectra of Bi2212 and Bi2201 with a photon
energy hν = 7.93 keV. All Cu 2p spectra were corrected by
subtracting a Shirley-type background.
Each prominent structure itself consists of two peaks,
main peak (2p53d10L state) and satellite (2p53d9 state)
nearly 7 eV above two main peaks. The spectral weight
in the high binding energy satellite of 2p3/2 at 940 eV
is significantly higher in HX-PES as compared with the
previous SX-PES [8, 17, 26] and basically no change is
seen over the 2p1/2 satellite energy range. In the pre-
vious paper [17], we had carried out the cluster model
calculation of Cu 2p HX-PES for Bi2212. To obtain the
significant increase in the satellite intensity at 940 eV, a
reduced hybridization strength was needed (by a factor
of ∼ 0.8) compared to that in the SX-PES, implying a
decrease of the hybridization strength in the bulk. Since
a smaller hybridization is expected on the surface com-
pared to that in the bulk, this fact is quite unusual.
From a comparison between Bi2212 and Bi2201, we
found that the satellite intensity of Bi2201 is higher than
that of Bi2212, as shown in Fig. 1(a). Even more surpris-
ingly, its relative weight is almost comparable to the main
line. This huge enhancement cannot be explained by the
reduced hybridization in the bulk. Thus, we are led to
another possibility for elucidating our observations. One
possibility would be the photo-ionization cross section ef-
fect of Bi 4s core-level, because the binding energy of Bi
4s core-level is very close to the 2p53d9 satellite energy
of 2p3/2.
The Bi 4s contribution in Cu 2p core-level spectra of
the Bi-based cuprates is generally neglected. This is
a good approximation, because the small Bi 4s photo-
ionization cross section leads to negligible intensity as far
as the SX-PES is concerned. In fact, the cross section ra-
tio σBi(4s)/σCu(2p) in soft x-ray region is at most ∼ 0.09
[27]. The increase of the x-ray photon energy will give
an increase of the cross section ratio σBi(4s)/σCu(2p).
The σBi(4s)/σCu(2p) ratio is very large and is approxi-
mately 1 in hard x-ray region. This means that Bi 4s
contribution can by no means be neglected. Moreover,
the composition ratio of Bi:Cu is 2:2 for Bi2212. Thus,
we expect comparable contributions from the Bi 4s core-
level respect to the Cu 2p spectra and was overlooked by
us in the previous study.
The considerable enhancement of the satellite inten-
sity of Bi2201 with respect to Bi2212 can be similarly
understood by comparing the composition ratio between
Bi2201 and Bi2212. The composition ratio of Bi:Cu is
2:1 for Bi2201 and consequently, the relative contribu-
tion from the Bi 4s is enhanced by a factor of 2 with
respect to Bi2212.
Since, with further increase of the x-ray photon energy,
the photo-ionization cross section ratio σBi(4s)/σCu(2p)
increases further, we expect the satellite intensity to be
increased with higher value of hν compared to hν = 5.95
keV photon energy. To confirm this, we performed
HX-PES measurements by using 7.93 keV x-ray pho-
ton energy. Figure 1(b) shows the Cu 2p core-level HX-
PES spectra for Bi2212 and Bi2201 using photon energy
hν = 7.93 keV. Again, the intensities at 940 eV for both
Bi2212 and Bi2201 are clearly enhanced and they are
much stronger than those with hν = 5.95 keV, as we ex-
pected. In particular, for Bi2201, the intensity in the
satellite region exceeds that of the main line and the
satellite peak dominates over the main peak, confirming
the Bi 4s contribution.
To correct for the Bi 4s contribution in the Cu 2p HX-
PES spectra of the B-based cuprates, we measured the
Bi 4s core-level data taken from a single crystal BKBO
in Fig. 1(a). Since the measured signal-to-noise (S/N)
ratio of BKBO spectrum is not sufficient for the present
correction procedure, the Bi 4s spectrum of BKBO was
fitted with a Lorenztian (HWHM=4 eV). The result of
the fit is illustrated by a line in Fig. 1(a). This Lorenztian
line shape was used to fit the Cu 2p HX-PES spectra
for Bi2212 and Bi2201 with hν = 5.95 keV. Then, we
obtained the Cu 2p line shape by subtracting the best fit
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FIG. 2: (Color online) (a) Comparison between experimental
Cu 2p3/2 SX-PES from ref. [17] and Cu 2p3/2 HX-PES after
subtracting Bi 4s contribution. (b) Difference between Cu
2p HX-PES spectra of Bi2201 and that of Bi2212. The dip
feature at 931 eV is the ZRS feature. The broad low intensity
feature at higher binding energy is due to the poor S/N ratio
in the Bi2201 spectrum.
to the Bi 4s component, the only free parameter being
the intensity ratio. Figure 2(a) shows the corrected Cu
2p3/2 HX-PES spectra of Bi2212 and Bi2201 compared
with SX-PES data. Thus, satisfactory corrections were
obtained by subtracting the Bi 4s signal.
The obtained ratio of the integrated intensities of the
subtracted Bi 4s Lorenztian contribution between Bi2212
and Bi2201 is 1:2, which is consistent with the relative
Bi contribution between two materials. The resulting Cu
2p HX-PES for Bi2212 and Bi2201 are quite similar to
those of SX-PES for Bi2212.
Having subtracted the Bi 4s contribution, we now con-
centrate on the detailed structure in the main peak of
Cu 2p3/2. The Bi2212 spectrum [Fig. 2(a)] shows clear
changes compared to Bi2201 and the additional spectral
weight is seen at the lower binding energy (nearly 931
eV). This is particularly evidenced well by the difference
spectra between Bi2201 and Bi2212 in Fig. 2(b). Using
the multi-site cluster model [8, 28, 29], it was shown that
the Cu 2p spectrum has a low binding energy ZRS fea-
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FIG. 3: (Color online) (a) Cu 2p3/2 HX-PES spectra of
La2−xSrxCuO4 for several doping with a photon energy hν =
5.95 keV. (b) Difference spectra between several Cu 2p3/2
HX-PES spectra and reference spectrum of LCO.
ture due to the non-local screening. Thus, this feature
is assigned to the ZRS feature, indicating that the ZRS
feature is enhanced in the bilayer Bi2212 compared to
the single layer Bi2201.
B. HX-PES in LSCO
In order to better understand the character of the
main line, we resort to a comparison with the LSCO Cu
2p spectra obtained with HX-PES. Cu 2p3/2 HX-PES
spectra of LSCO as a function of doping are shown in
Fig. 3(a). The spectra of LSCO with x = 0.0 and 0.145
are the same as those of our previous report [9]. We
observed a systematic change in spectral shape on hole-
doping. To see these spectral features clearly we plot
the difference spectra with respect to the LCO reference
spectrum in Fig. 3(b). The observed spectral changes
in our data are consistent with previous works on the
YBa2Cu3O7−δ [30, 31]. The shoulder at lower energy
to the main peak 2p53d10L in LSCO can again be simi-
larly attributed to the ZRS feature, consistent with ear-
lier work [8]. As discussed in our earlier study, the ZRS
5peak in x = 0.0 occurs at the lower binding energy to
the 2p53d10L state. The spectral intensity in the ZRS
feature reduces on increasing x from x = 0.0 to 0.145,
but does not change for x = 0.26.
Note that Fig. 3(a) shows another feature, ie., a broad
feature centered at 934.5 eV (feature H) which is en-
hanced as the hole-doping increases. In contrast to the
ZRS feature, the feature H grows with increasing x up
to x = 0.26.
We suggest two possible explanations for this broad
feature H . In LSCO, since we dope holes due to Sr con-
tent x, it can lead to the Cu3+ character state which
grows with doping. Another possible explanation is the
non-local screening effects. Very recently, Okada and
Kotani developed the multi-site cluster model calcula-
tion for the doping dependence [32] and a similar en-
hancement as observed for the high binding energy fea-
ture was already apparent in their calculation. However
the relation of non-local screening effects with Cu3+ con-
figurations is not clear. We cannot conclude from our
experiments alone if the feature H reflects the non-local
screening effect or simply an increase in Cu3+ configura-
tions with hole-doping, or a coupling of both effects.
C. Comparison of Bi2201, Bi2212 and LSCO
A comparison of LSCO spectra indicates that the ZRS
feature intensity between x = 0.145 (Tc=36 K) and 0.26
(non superconducting) does not change much but the in-
tensity of the feature H beyond optimal doping increases.
In terms of its superconducting Tc, it then suggests that
an increase in the feature H content is primarily respon-
sible for the reduction in Tc. On the other hand, for
Bi2201 (Tc=28 K) and Bi2212 (Tc=90 K), the high bind-
ing energy feature does not seem to change while the ZRS
feature shows a small but definite increase in intensity for
Bi2212. This suggests that the retention or increase of
the ZRS feature is more important for higher Tc in the
hole doped cuprates.
IV. SUMMARY
In conclusion, the aim of the present paper has been
to understand the origin of the experimentally observed
satellite at 940 eV in Cu 2p HX-PES of Bi based high-Tc
superconductors and in particular their evolution with
x-ray photon energy and the composition change. We
investigated the photon energy dependence of the Cu 2p
core-level photoemission spectra for Bi2212 and Bi2201
by using hard x-ray photon energy. We exploited the
sensitivity of the relative photo-ionization cross section
to clarify the Bi 4s contribution from the measured Cu 2p
HX-PES spectra. The results from Bi based cuprates can
be interpreted satisfactorily only by including the Bi 4s
core-level contribution. Thus the observed enhancement
of the satellite is then due to the increase of the photo-
ionization cross section of Bi 4s core-level rather than the
reduction of the hybridization strength in the bulk. The
corrected spectra lead to a systematic picture on the basis
of the doping dependence and Cu-O layers dependence of
ZRS feature and hole-doping induced high binding energy
spectral changes in the main Cu 2p core-level line.
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